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Summary
Objective: The heterogeneity of biosynthesis in human-derived cartilage explants poses a challenge to its use in experiments. The aim of this
study was to determine the consistency with which two consecutive measures of biosynthesis could be made in individual human articular
cartilage explants using a dual proline radiolabeling protocol.
Methods: Full-thickness cartilage explants were harvested from young bovine or human (total knee replacement) tibial plateaus. Two consec-
utive measurements of biosynthesis were obtained by measuring 3H-proline and 14C-proline incorporation. Each sample’s ratio of 14C-/3H-pro-
line incorporation was computed. For comparison to traditional experimental designs, the 14C-proline incorporation ratio was computed for
adjacent cartilage samples. The number of samples needed to observe a change in the proline incorporation ratio of 10, 20, and 50% was
determined for both methods.
Results: The dual-label ratio was consistent across samples from the same plateau [95% conﬁdence interval (CI): 20% (human) and 30%
(bovine) of median]. Adjacent human sample pairs had much greater variability in their 14C-proline incorporation (95% CI: 50% of median).
Adjacent bovine sample pairs had CIs that were similar in magnitude to those for the dual-label approach. In the human plateaus, ratio
changes of 10, 20 and 50% could be detected using dramatically fewer samples than the adjacent pair method. For bovine samples, the
two methods required a similar number of samples per group.
Conclusion: The consistency of the dual-label approach may overcome the difﬁculties in studying the effects of interventions on biosynthesis
in human cartilage in vitro.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The heterogeneity of the biosynthetic activity of human-
derived cartilage explants1e6 poses a considerable chal-
lenge to using human tissue for studies that investigate
factors and interventions that may modulate biosynthesis.
Even for studies that employ a paired sample design,
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1263randomly as ‘‘experimental’’ and the other as ‘‘control,’’
the intrinsic heterogeneity among pairs remains a confound-
ing issue (unpublished results). In this brief note, we de-
scribe one experimental strategy that may overcome the
challenges intrinsic in studying heterogeneous tissue e
one which for each individual sample provides a baseline
measurement and then a measure during or after a stimulus,
so that each sample serves as its own control.
As an essential step toward evaluating this strategy, the
aim of this study was to determine the consistency with
which two consecutive measures of biosynthesis could be
made in individual human articular cartilage explants using
a dual proline radiolabeling protocol. Since much prior work
involving cartilage biosynthesis measurements used bo-
vine-derived cartilage, we also examined the dual-label pro-
tocol for bovine cartilage. The consistency of the dual-label
measurements for both human and bovine tissues was
compared with the consistency of a paired study design.
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Aldrich e non-essential amino acids, papain buffered in aqueous solution;
L-proline; Invitrogen e Dulbecco’s modiﬁed essential media; Hanks balanced
salt solution (HBSS); L-glutamine; ascorbic acid solution; antibiotic/antimy-
cotic; Fisher Scientiﬁc e Scintiverse; Amersham Bioscience e 3H-proline
and 14C-proline.METHODSBoth bovine and human articular cartilage explants were used. Knees
from four young bovine calves (less than 6 months) were received fresh
from a local butcher. The knee was dissected under sterile conditions to ex-
pose the tibial plateau. Human tibial plateaus were received from donors
(three females; age¼ 63 7 years) undergoing total joint replacement at
the New England Baptist Hospital immediately following surgery. All proce-
dures abided by the normal human studies regulations by the Institutional
Review Boards of the New England Baptist Hospital and the Beth Israel Dea-
coness Medical Center.
Upon receipt, the plateau was placed into a sterile biosafety cabinet and
full-thickness cartilage plugs (4 mm diameter) were manually harvested from
each marked site on the plateau using a biopsy punch and a scalpel. Overall,
we harvested 15e25 cores from each of the four young bovine plateaus, and
5e24 cores from each of the three human plateaus. The cartilage samples
were placed into individual wells of a sterile 24-well plate along with 1 ml Dul-
becco’s modiﬁed essential media supplemented with N-(2-hydroxyethyl)-
piperazine-N0-2-ethanesulfonic acid (HEPES), L-proline, non-essential amino
acids, ascorbic acid solution, L-glutamine, and penicillinestreptomycin, gado-
linium diethylene triamine pentaacetic acid (Gd(DTPA)2), and allowed to
equilibrate in a sterile incubator (37C) for 3 days.
On day 3 of culture, the samples were placed into individual wells contain-
ing supplemented media with 10 mCi/ml of 3H-proline (20 Ci/mol) and returned
to culture. After 18 h of incubation, samples were washed three times in 45 ml
of HBSS (1 h/wash). Samples were then placed into wells with fresh supple-
mented media containing 1 mCi/ml of 14C-proline (2 Ci/mol) and returned to
culture. After 18 h, the washing protocol was repeated and the samples
were wet-weighed and papain-digested. In short, the protocol is basically
two 18 h pulse-labeling periods with an intervening 18 h wash. Assuming
that negligible loss of 3H-labeled macromolecules and 14C-labeled macromol-
ecules into the medium, then the amount of radiolabeled macromolecules
produced during each of these pulses is indicative of the rate of biosynthesisFig. 1. Comparison of the variability in the proline incorporation ratio using
tilage samples were consecutively incubated with two isotopes (3H-proline
puted; and an ‘adjacent pairs’ method in which the 14C-proline incorporat
Ratios were normalized by the median from the plateau, such that the v
ratio magnitude. A 95% CI is shown. Interquartile range (25the75th) sho
method dramatically decreased the variability in human samples. Bovof proline-containing macromolecules during the two periods. Aliquots of di-
gested samples and the 3H- and 14C-proline incubation media were mixed
with Scintiverse and scintillation counted with dual windows. Prior to scintilla-
tion counting, the energy spectrum captured in each window was adjusted us-
ing known isotope standards to minimize spill-over, such that most of the
counts of each isotope were captured in its respective window and the spill-
over was a constant percentage. Incorporation of each isotope by the
samples was computed after accounting for spill-over7, and normalized by
dividing incorporation by tissue volume (w-weight).ANALYSISFor the dual-label method, each sample’s ratio of 14C-proline incorpora-
tion to 3H-proline incorporation (14C-proline/3H-proline) was computed. For
comparison to traditional experimental designs, adjacent samples from
each plateau were paired and randomly assigned to either a ‘‘control’’ or
‘‘sham’’ group. The ‘‘sham’’/‘‘control’’ 14C-proline incorporation ratio was
then computed. In both approaches, plateau’s ratios were normalized by
its median value, so that variability could be assessed irrespective of the ac-
tual ratio magnitudes. The normalized ratios were pooled across plateaus
and the mean and standard deviation computed. Using these statistics,
a sample size analysis determined the number of samples needed to ob-
serve a change in the proline incorporation ratio of 10, 20, and 50% using
a t test (a¼ 0.05; power¼ 0.80). This was done for both the dual-label and
the adjacent pair methods. For the dual-label method, the assumed experi-
mental design would have a 3H-proline labeling period and then 14C-proline
labeling period during an intervention (where the control group would have
no intervention and provide a basal ratio for comparison). All statistical anal-
yses were performed with SigmaStat 3.1.ResultsDUAL-LABEL APPROACHFor both tissue sources, the dual-label ratio of incorpora-
tion (14C-proline/3H-proline) was consistent across samples
from the same plateau (Fig. 1), with the 95% conﬁdence in-
tervals (CIs) spanning less than 20% (human) and 30%
(bovine) of the median value. While the samples’ ratios
were consistent within a given plateau, the value of the
mean ratio did vary across plateaus (Table I).two experimental protocols: a ‘dual-label’ protocol in individual car-
and 14C-proline) and their incorporation ratio (3H-/14C-proline) com-
ion ratio was computed between adjacent harvested sample pairs.
ariability could be assessed irrespective of the actual incorporation
wn when too few pairs to accurately compute CI. The ‘dual-label’
ine samples exhibited equivalent variability with both protocols.
Table I
Incorporation statistics
Plateau Individual
sample 14C-/3H-proline
incorporation ratio
Adjacent sample
pairs 14C-proline
incorporation ratio
Bovine-I 0.89 0.14 1.07 0.14
Bovine-II 1.73 0.28 1.04 0.14
Bovine-III 1.70 0.22 0.81 0.30
Bovine-IV 1.34 0.23 1.00 0.19
Human-I 0.28 0.04 e
Human-II 1.00 0.1 1.09 0.39
Human-III 0.73 0.05 0.88 0.30
1265Osteoarthritis and Cartilage Vol. 16, No. 10ADJACENT PAIR APPROACHCompared with the dual-label approach, adjacent
human sample pairs had much greater variability in their
14C-proline incorporation (Fig. 1); the mean ratio between
pairs was nearly one, but the 95% CIs spanned more
than 50% of the median and the standard deviations
were large (Table I). The number of samples harvested
from one plateau (Human-I, n¼ 5) was insufﬁcient for pair
analysis and was omitted. Adjacent bovine sample pairs
had much less variability (Fig. 1), with CIs that were similar
in magnitude to those for the dual-label approach.SAMPLE SIZE CALCULATIONSThe pooled ratio means and standard deviations of both
approaches (Table II) were then used to estimate the num-
ber of samples in the ‘‘control’’ and ‘‘experimental’’ groups
necessary to measure a change in an intervention experi-
ment. The bovine data show that number of samples in
both groups required to detect a ratio change of 10, 20
and 50%, are 33, 10 and 3, respectively (Table II). In the hu-
man plateaus, ratio changes of 10, 20 and 50% could be
detected using 14, 5, and 2 samples/group, respectively.
The number of samples per group required using a paired
approach was similar to the dual-label approach for the bo-
vine samples (Table II). However, the number of human
samples required in the adjacent pair approach was dra-
matically larger (Table II) due to the increased variability.Discussion
The ability to measure proline incorporation at two time
points using two different radiolabels offers the possibility
of letting each sample serve as its own control by allowing
both a baseline and ‘‘response’’ synthesis measurement inTable II
Number of samples required to measure change in incorporation
Experimental
method
Tissue Pooled normalized
incorporation ratio
Number of samples
per control and
experimental groups
to detect difference
in means of
10% 20% 50%
Dual-labeling Bovine 1.01 0.15 36 10 3
Human 1.01 0.09 14 5 2
Adjacent
sample pairs
Bovine 0.98 0.19 61 16 4
Human 1.02 0.33 166 43 8each individual sample. This would be a viable experimen-
tal strategy if it were also true that the ratio of incorporation
between the two labeling periods was relatively constant
under control conditions so that one could be sensitive to
the effects of an intervention. Indeed, the results of this
study indicate that the incorporation ratio was very similar
for samples taken from the same plateau.
Accordingly, the experimental approach using dual-label in-
corporation should signiﬁcantly mitigate the challenge of con-
ducting studies with human tissue, which is notorious for its
heterogeneity with reported standard deviations ranging from
25 to 75% of the mean2,5,6. The number of required samples
is remarkably reduced relative to the experimental strategies
that use adjacent pairs as experimental and control samples.
In this study we also looked at young bovine, since this is
the cartilage system most commonly used. Not surprisingly
the biosynthetic rate by young bovine cartilage was nearly
20-fold higher than for adult human cartilage. The rate of
proline incorporation ranged from 4 to 31 nmol/h/g tissue
wet weight. This is lower than the 90 nmol/h/g tissue wet
weight reported previously, for bovine femoropatellar
groove cartilage, though this difference could be a result
of different sites of harvest and culture conditions8. As ex-
pected, the heterogeneity among young bovine tibial pla-
teau samples was less than that seen by humans.
Though not the subject of this study, we noted that even
in the young tibial plateau cartilage the biosynthetic rate
for submeniscal cartilage was far less than for cartilage
not covered by the meniscus. Notably, however, the ratio
of 3H to 14C incorporation using this dual-label protocol
showed similar ratios independent of spatial location. In
this limited study, we did not see any advantage to dual-
label in reducing the sample size needed relative to paired
sample approaches. However, in cases where pairing is
problematic, this study suggests that dual-label approach
is valid and might offer an alternative.
It is interesting to consider the underlying factors that in-
ﬂuence the incorporation ratio. The speciﬁc activity of the in-
cubation media was the same for all samples and plateaus,
so differences in the mean dual-label incorporation ratio in-
dicate a change in biosynthetic activity for the two labeling
periods. The Human-I plateau had a dramatically lower ratio
than the samples from the other two plateaus, but also had
far less intact cartilage than the other plateaus. Despite the
differences in mean incorporation ratios across plateaus,
the ratio for samples within each plateau is about the
same indicating that change in biosynthesis for the two la-
beling times is consistent for all samples within that plateau.
But, the fact that the mean incorporation ratio varies across
plateaus supports the need for using both control and ex-
perimental samples from the same plateau. The control
group samples would provide the basal ratio against which
the experimental samples could be compared. The
methods and preliminary data presented here offer
a much needed approach that may overcome the difﬁculties
in studying the effects of interventions on biosynthesis in
human cartilage in vitro. By doing baseline and response
measurements in individual cartilage samples, the neces-
sary sample size is similar to that of young bovine cartilage,
thus making direct in vitro testing of human cartilage feasi-
ble. This approach is not limited to measuring proline incor-
poration; any incorporated molecule, such as glucosamine
or leucine that can be labeled with two different radioiso-
topes may be used. Additionally, the methods presented
here are employable for multiple interventional therapies,
including mechanical and drugs, making this a robust
approach for studying osteoarthritis.
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